Abstract 5-hydroxymethylcytosine (5hmC) is a recently re-discovered transient intermediate in the active demethylation pathway that also appears to play an independent role in modulating gene function. Epigenetic marks, particularly 5-methylcytosine, have been widely studied in relation to stress-related disorders given the long-lasting effect that stress has on these marks. 5hmC is a good candidate for involvement in the etiology of these disorders given its elevated concentration in mammalian neurons, its dynamic regulation during development of the central nervous system, and its high variability among individuals. Although we are unaware of any studies published to date examining 5 hmC profiles in human subjects who have developed a psychiatric disorder after a life stressor, there is emerging evidence from the animal literature that 5hmC profiles are altered in the context of fear-conditioning paradigms and stress exposure, suggesting a possible role for 5hmC in the biological underpinnings of stress-related disorders. In this review, the authors examine the available approaches for profiling 5hmC and describe their advantages and disadvantages as well as discuss the studies published thus far investigating 5hmC in the context of fear-related learning and stress exposure in animals. The authors also highlight the global versus locus-specific regulation of 5hmC in these studies. Finally, the limitations of the current studies and their implications are discussed.
Introduction
Initially identified in mammalian DNA in 1972 [1] , and 're-discovered' in 2009 after its identification in post-mitotic neurons [2] , 5-hydroxymethylcytosine (5hmC) is an oxidized derivative of 5-methylcytosine (5mC). 5hmC was first identified to serve as an intermediate during active DNA demethylation processes but recent work suggests that it also has a unique functional role on its own. During active DNA demethylation, 5hmC is catalyzed by the oxidation of 5mC by the ten-eleven translocation (TET) family of DNA hydroxylases (Tet1, Tet2, and Tet3) [3] . 5hmC is further oxidized by TET enzymes into 5-formylcytosine (5fC) and 5-carboxylcytosine (5caC) and is then converted back to an unmodified C through nucleotide and/or base excision repair pathways. Multiple pieces of evidence suggest that 5hmC (as well as the other oxidized nucleotides generated by TET enzymes), has an independent function beyond a transient step in active DNA demethylation, including that it is relatively stable, it has non-random and unique distribution in the genome [4] , and it has been shown to preferentially bind to specific proteins as compared to 5mC [5] . Additionally, there is evidence from biophysical studies that 5hmC has an influence on base-pairing and DNA structure [6] .
Although 5hmC can be detected in the genomic DNA of all cells at an overall level of $10%, the highest concentration is found in mammalian post-mitotic neurons in contrast to 5mC, which is found in relatively stable concentrations throughout somatic tissues [7] . 5hmC is enriched within distal cisregulatory elements, gene bodies and euchromatin, where it appears to be a predominantly active epigenetic mark, as it positively correlates with gene transcript levels [8] . This is in contrast to 5mC, which has generally been associated with gene repression via the blockade of transcription factor binding and recruitment of repressor proteins that can condense chromatin [9] . Multiple studies have mapped genome-wide 5hmC in healthy human subjects and mice of various ages in the cerebrum and cerebellum. Within the mouse frontal cortex, total 5hmC levels increase from fetal stages to adulthood. Additionally, neuronal and non-neuronal cells display differential 5hmC profiles with enrichment of this mark in neuronal and astrocyte-specific gene bodies starting at fetal stages and persisting into adulthood, suggesting cell type-specific regulation in utero [10] . 5hmC also has been shown to increase with age in the human cerebrum until 1 year of age in white matter and 22 years of age in grey matter, after which time it reaches a steady state [11] . In contrast, 5mC remains relatively stable with age in white matter and shows a moderate increase with age in grey matter. Another study demonstrated greater interindividual variability of 5hmC than 5mC, enrichment of 5hmC in genes related to neurodevelopment, and differential 5hmC profiles in males and females [12] . Moreover, Lunnon and colleagues found overall increased levels of 5hmC in the cerebellum, as compared with the prefrontal cortex, enrichment in CpG islands and gene bodies in loci showing the greatest differences between brain regions, and high inter-individual variability in a subset of loci [13] . These features of 5hmC distribution across the genome and lifespan as well as its association with gene regulation strongly suggest an independent function beyond a transient step in active DNA demethylation, especially in the nervous system.
Detection methods for 5hmC
Profiling 5hmC by sensitive, accurate, and reliable methods that can distinguish 5hmC from 5mC (not the case for traditional bisulfite conversion) is essential for understanding its function. Detection methods for 5hmC include those with global, low, and single nucleotide resolution. Commonly used techniques are discussed here, while the advantages and disadvantages of each method can be found in Table 1 . Global techniques assess the overall 5hmC level of cells or tissues and include antibodybased DNA dot-blot, immunohistochemistry (IHC), thin layer chromatography (TLC), and high performance liquid chromatography mass spectrometry (HPLC-MS) [2, 14] . In DNA dot-blot, genomic DNA is immobilized on a membrane and probed with a 5hmC-specific antibody. IHC involves use of an antibody specific for 5hmC to stain fixed cells or tissue sections. In TLC, DNA that has been digested by a restriction enzyme specific for 5hmC, such as Msp I, is labelled at the ends with 32P, hydrolyzed and then separated onto TLC plates. The final global profiling technique is HPLC-MS, which involves resolving hydroxymethylated nucleosides by liquid chromatography followed by detection using mass spectrometry. Overall, these methods assess the average of 5hmC of a population of cells or of a tissue and represent mainly large genomic regions, where this mark is highly enriched. Low-resolution methods give an average level of 5hmC within 200-300 bp fragments that allow us to refine the location of 5hmC. They include enrichment techniques, such as hydroxymethylated DNA immunoprecipitation (hMeDIP), cytosine-5-methylenesulfonate (CMS) immunoprecipitation, hydroxymethyl-selective biotin labeling and capture, and Jbinding protein 1 (JBP1) 5hmC pull-down as well as 5hmC-sensitive enzymatic digestion [15] . In hMeDIP, DNA is fragmented and incubated with an antibody specific to 5hmC. Following washing of the beads to remove non-specific binding, 5hmC immuno-precipitated (IP) DNA fragments are purified and can then be compared to input DNA (i.e. no-IP). Several 5hmC antibodies are commercially available with varying degrees of sensitivity and specificity. Thus, it is critical to assess 5hmC antibody specificity prior to hMeDIP and other antibody-based approaches (even for new antibody batches). Specificity is often confirmed via dot-blot, where the presence or absence of antibody binding is assessed for PCR products in which all cytosines are unmodified, methylated, or hydroxymethylated. Synthetic oligonucleotides containing 5mC or 5hmC are commercially available or can be synthesized via PCR employing methyl or hydroxymethyl dCTP such that all cytosines in the amplified product are methylated or hydroxymethylated, respectively. As a true negative control, it would be of significance to validate 5hmC antibody specificity in mouse embryonic stem cells (ESCs) lacking Tet 1, 2, and 3, which have no 5hmC as measured by mass spectrometry [16, 17] . However, the authors are unaware of any validation of 5hmC antibodies in these triple knockout (KO) ESCs. Due to the redundant activity of Tet enzymes, constitutive KO of Tet1 or Tet1 and Tet2 does not result in loss of 5hmC from the genome and, therefore, the published work in other Tet KO animals discussed below are insufficient as negative controls for validation of 5hmC antibody specificity. To avoid the issues of 5hmC antibody specificity, CMS immunoprecipitation relies on the conversion of 5hmC to the modified base CMS, followed by immunoprecipitation with an antibody against CMS. During hydroxymethyl-selective biotin labeling and capture, a glucose that has been modified by azide is transferred onto 5hmC and then selectively chemically labelled by attachment of a biotin tag. In JBP1 5hmC pull-down, epoxymodified magnetic beads are covalently bound to JBP1, a protein that interacts with b-glu-5hmC, and used to pull down 5hmC that has been glycosylated using T4 b-glucosyltransferase. Overall, these pull-down techniques give us only a semiquantitative level of 5hmC at low resolution where the actual loci and levels of 5hmC per site remain unknown.
Methods with near single nucleotide resolution include approaches employing 5hmC-dependent restriction enzymes (e.g. MspI and AbaSI) in combination with glycosylation, although such approaches are dependent on specific sequence requirements and result in reduced representation of the genome [18] . Advancement of these methods was recently published utilizing the PvuRts1 I restriction endonuclease in combination with Seal-based chemical labelling for specific isolation of 5hmC-containing DNA fragments following PvuRts1 I digestion (Pvu-Seal-Seq), enabling sensitive genome-wide profiling of 5hmC via next-generation sequencing [19] . Although still debated, the gold standards for single nucleotide resolution 5hmC profiling are based on modifications of standard bisulfite sequencing [20] . Oxidative bisulfite (oxBS) conversion employs potassium perruthenate to chemically oxidize 5hmC to 5fC, which is then susceptible to bisulfite conversion to uracil, while 5mC and C remain unmodified [21] . Tet-Assisted Bisulfite (TAB) conversion involves the protection of 5hmC by glycosylation from recombinant Tet1-mediated oxidation such that 5mC is oxidized to 5caC without conversion of glycosylated 5hmC [22] . During subsequent standard bisulfite conversion, C and 5caC are converted to uracil while 5hmC remains unmodified. In both of these methods, 5hmC is then characterized via sequencing (oxBS-seq, TAB-seq) or array-based methods. Despite advances in single-base resolution profiling, further development has suffered because of the high cost of wholegenome sequencing; and therefore, these techniques have not been fully utilized by the epigenetic community at large. However, targeted oxBS-seq and TAB-seq employing custom DNA capture techniques will enable low cost single base resolution mapping of 5hmC. With the advent of nanopore and Pacific Biosciences Single Molecule Real Time sequencing (not discussed in Table 1 ), the ability to identify multiple DNA modifications simultaneously in a given sequencing run also provides exciting avenues for future research, although these technologies are still undergoing rapid development. The authors are unaware of any studies that have directly compared multiple 5hmC profiling methods, so method selection must currently be based on the quantity of input DNA, resolution of profiling required, availability of reagents and equipment, as well as the cost.
5hmC and stress
The abundance of 5hmC within the brain, its dynamic regulation during development of the central nervous system, and its high inter-individual variability renders it a particularly interesting candidate for involvement in neurological and psychiatric disorders. In both human and animal models, studies have shown differences in 5hmC between cases and controls in multiple sclerosis [23] , neurodegenerative diseases [24] [25] [26] , and neuropsychiatric disorders such as autism spectrum disorder [27, 28] and psychosis [29] [30] [31] . Although a large body of literature exploring the relationship between 5mC and stress-related psychiatric disorders currently exists given the long-lasting changes that stress can induce on 5mC profiles, the authors are unaware of any studies to date that have profiled the hydroxymethylome in the brains or other tissues of human subjects with psychiatric disorders related to trauma exposure. However, there is a developing animal literature assessing the impact of fear-learning paradigms as well as stress exposure on 5hmC profiles.
Stress may be defined as any stimulus that challenges one's integrity or function and leads to the release of chemical mediators, including corticotropin-releasing hormone and glucocorticoids, in the limbic-hypothalamic-pituitary (LHPA) axis [32] . This process, in turn, leads to changes in neurotransmission, synaptic plasticity, and neural architecture of brain regions that play critical functions in the LHPA axis, including the prefrontal cortex, hippocampus, and amygdala. One way in which psychosocial stressors, such as child abuse or neglect and exposure to traumatic events, may mediate long-term changes in neural architecture is through epigenetic mechanisms such as the welldocumented role of DNA methylation in clinical and pre-clinical models of stress-related psychopathology. These studies mainly employed methods that do not discriminate between 5mC and 5hmC such that we do not know to what extent the reported association with stress comes from each individual modification. However, there is a growing literature looking specifically at 5hmC in relation to stress but so far our understanding of the mechanisms by which stressors lead to changes in 5hmC are less well-established than for 5mC. These studies primarily focus on rodent models of conditioned fear and extinction, which are considered to have significant face, construct, and predictive validity in relation to various fear-related disorders and aspects of exposure-based therapies [33] . 5hmC in animals exposed to fear-related learning Guo et al. [34] 2011 was the first study to demonstrate that neuronal activity regulates the expression of Tet enzymes and induces active DNA demethylation of critical plasticity-related genes such as Bdnf, which are known to be important in learning and memory formation. In addition, constitutive KO or deletion of Tet1 in mice results in reduced levels of global 5hmC and decreased expression of several immediate early genes (IEGs) within both the cortex and hippocampus with altered IEG induction upon fear-related learning and memory processes [35] . In rodent models, cued and contextual fear conditioning have been used as ways to better understand pathological memory processes. Fear conditioning involves the repeated pairing of a neutral conditioned stimulus (CS, e.g. auditory cue or a particular environmental context) with an aversive unconditioned stimulus (US, e.g. footshock) following which the CS alone elicits autonomic and behavioural fear-conditioned responses, such as freezing. Extinction refers to the inhibition of these conditioned fear responses via repeated exposure to the CS alone, which in adult animals is due to new inhibitory learning rather than the erasure of the initial CS-US association [33] . Rudenko and colleagues showed that Tet1 KO mice display a lack of learning-induced active DNA demethylation around the transcription start site (TSS) of the IEGs Npas4 and Fos, which the authors suggest may contribute to the deficits observed in hippocampal synaptic plasticity associated with impairments in the extinction of contextual fear memory and spatial memory [35] . Kaas et al. [36] further demonstrated a role of Tet1 in the consolidation of cued-fear memory with viral-mediated overexpression of Tet1 within the mouse dorsal hippocampus leading to impairment in the retention of fear memory 24 h following conditioning. Tet1 overexpression also induced the upregulation of several IEGs and memory-associated transcripts within the hippocampus. However, similar fear memory impairments and hippocampal IEG induction was observed upon overexpression of a catalytically inactive Tet1 mutant. Together, these findings suggest that Tet1 may, to some degree, regulate basal activity or stimulus-evoked gene expression within the mouse brain independent of its DNA oxidation activity [36] . Such independent functions have been observed in mouse ESCs, where Tet1 associates with the Sin3a co-repressor complex to mediate transcriptional repression and Tet2 promotes histone modifications [37, 38] . A recent study also demonstrated that Tet1 as well as Tet1 mutants lacking either the catalytic or CXXC domains impair differentiation of a neuroblastoma cell line, thus confirming catalytically independent activity of Tet1 in this context [39] . Moreover, knockdown or deletion of Tet1 alters the expression of genes encoding the DNA methyltransferases (Dnmts) within mouse brain and ESCs, although this is partly dependent on DNA oxidation [40, 41] . Thus, further investigation is required to decipher the significance of catalytic and noncatalytic activity of Tet family enzymes in the context of neuronal function.
Although Tet1 has been most extensively studied within pre-clinical models, extinction of cued-fear memory in mice identified Tet3 to be regulated within the infralimbic region of the prefrontal cortex (ILPFC) [42] . The authors demonstrated that extinction induced an increase in Tet3 mRNA within the ILPFC 24 h following training with shifts in the genome-wide distribution of 5hmC also observed within this brain region. Viral-mediated knockdown of Tet3 but not Tet1 expression within the PFC impaired the retention of extinction memory, indicative of the importance of dynamic regulation of Tet3 and 5hmC in this mnemonic process. A recent study further demonstrated that Tet3 (and to some extent Tet1) dynamically regulates homeostatic synaptic plasticity, which is dependent on DNA oxidation as well as base excision repair pathways [43] . Collectively, these studies indicate that Tet enzymes and 5hmC play a critical role in the dynamic regulation of transcriptional states (both stable and poised) within post-mitotic neurons in response to neuronal activity and environmental stimuli, which appears to be important for the synaptic plasticity underlying the consolidation and maintenance of fear-related learning and memory processes. However, despite the evident role of Tet enzymes and 5hmC in neuronal function and fear-related learning paradigms, our understanding of the regulation of DNA demethylation pathways in stress-related psychopathology remains equivocal.
5hmC in animal models of stress exposure Several studies to date have investigated the global as well as gene specific response of 5hmC profiles to multiple stressors in animals ranging from prenatal, adolescent, and adult developmental periods. Using locus specific TAB-seq analysis, Li et al. [44] showed that acute restraint stress (30 min) in late adolescent mice induces a global increase in 5hmC levels in the hippocampus with a locus-specific increase of 5hmC at a single CpG within the 3 0 UTR of the glucocorticoid receptor (GR) gene, Nr3c1.
However, this study is limited by low sample sizes (n ¼ 3-4) and a lack of Nr3c1 mRNA or protein expression to enable correlation of stress-induced changes in 5hmC with GR expression in this context. A further study conducted by the same laboratory addressed these issues via investigation of genome-wide 5hmC profiles and transcriptome regulation within the mouse hippocampus 1 h following a single 30 min acute restraint stress via chemical labeling-based 5hmC profiling and RNA-seq. The authors demonstrated that acute restraint stress regulates 5hmC profiles within the hippocampus with an enrichment of differentially hydroxymethylated regions within intragenic loci, yet only a small subset of these sites were associated with differentially expressed genes with known or potentially novel stressrelated functions [45] . In non-human primates, we investigated genome-wide promoter methylation and hydroxymethlyation profiles in the prefrontal cortices of rhesus macaques reared with their biological mother or in a maternal deprivation condition using methylated DNA immunoprecipationanalysis and 5hmC enrichment, respectively, followed by microarray hybridization [46] . When examining global levels of 5mC and 5hmC within promoter regions (À2000 to þ400 bp from TSS), we found that the levels were highly correlated, and there was a positive correlation between gene expression and promoter 5hmC in genes with intermediate/low CpG content or highly methylated promoters. Investigation of specific gene promoters revealed that several neurotransmitter receptor genes, including those encoding the dopamine D3 receptor (Drd3), a1 adrenergic receptor (Adra1a), and the a2 GABA A receptor subunit (Gabra2), were found to be differentially hydroxymethylated with no changes in 5mC between the two groups of macaques. In another study of adolescent brains in a rat model of caregiver maltreatment, researchers examined global 5mC and 5hmC levels in the hippocampus and amygdala using an antibody-based technique [9] . The authors found higher 5mC levels in the dorsal hippocampus of maltreated males compared to all other groups and in the ventral hippocampus as compared to females. Additionally, lower global 5hmC levels in the amygdala (but not hippocampi) were found in males exposed to maltreatment as compared to those that were not. These studies provide preliminary evidence of dynamic regulation of 5hmC within the brain in response to various stress paradigms, yet further studies of different age groups, brain regions and stress models, particularly chronic stress, will be important in clarifying the role of 5hmC and Tet enzymes in pre-clinical models of stressrelated psychopathologies.
Discussion
In this review, we have examined the commonly used methods for detection of 5hmC and described studies profiling 5hmC in animals exposed to fear-related learning and acute stress paradigms throughout several development periods. Animal studies have demonstrated dynamic regulation of 5hmC and Tet enzyme expression upon fear-related learning and memory, suggesting a potential role in pathological memory processes, such as those observed in stress-related disorders. Moreover, extinction is the underlying principle of exposure-based therapies for various stress-related psychiatric disorders such that the malleability of epigenetic states within post-mitotic neurons via Tet enzymes and 5hmC may subserve the formation of inhibitory learning for successful suppression of pathological memory. Future studies in human patients will be critical to further investigate dysregulation of 5hmC and Tet enzymes in such disorders. Pre-clinical studies have also revealed an effect of acute stress at various ages of development on 5hmC in animal models, but additional studies will be needed to determine if these changes are biologically relevant. Moreover, 5hmC levels should be profiled in human subjects exposed to stress and those who have developed fear-related disorders.
Several important limitations of the extant work must be recognized. First, different techniques were used for profiling 5hmC in different studies such that the results are not always comparable. Additionally, global 5hmC levels do not provide an accurate representation of the dynamic nature of 5hmC at discrete genomic loci that we now know occurs in response to neuronal activity and various environmental stimuli. A further caveat is that 5mC and 5hmC profiles significantly differ between neuronal and non-neuronal cells as well as between different neuronal subtypes within both the human and rodent brain [10, 47, 48] . Thus, it is critical that future studies focus on cell-type specific analysis of 5mC and 5hmC in both human post-mortem brain and pre-clinical models of stress-related disorders. Development of low input methods for single-cell sequencing will also be crucial for the profiling of DNA modifications in specific subsets of cells within the brain (i.e. those activated upon a given stressor) [49] . Despite the limitations, the studies reviewed highlight the sensitivity of the hydroxymethylome to stress, providing a foundation to consider its potential role in the development of stress-related disorders.
